Transient receptor potential vanilloid receptor subtype I (TRPV1) is an ion channel gated by physical and chemical stimuli that belongs to the TRPV protein family. TRPV receptors contain a highly conserved, 6-mer segment near the channel gate, known as the TRP box, whose function remains unknown. Here, we performed an alanine scanning mutagenesis of the TRP box of TRPV1 (IWKLQR) and found that mutation of this motif affected channel gating by raising the free energy of channel activation. Functional characterization of TRPV1 mutants showed that substitution of I696, W697, and R701 by alanine severely affected voltage-and heat-dependent activation and notably reduced the capsaicin responsiveness and tachyphylaxia, while mutation of K698, L699, and Q700 had minor effects. In addition, mutation of I696 to alanine promoted a strong outward rectification at negative membrane potentials, and slowed the kinetics of channel activation. Taken together, our findings suggest that modification of I696, W697, and R701 to alanine altered channel function by affecting events downstream of the initial stimuli-sensing step and imply that intersubunit interactions within the TRP box play an important role in TRPV1 gating.-Valente, P., García-Sanz, N., Gomis, A., Fernández-Carvajal, A., Fernández-Ballester, G., Viana, F., Belmonte, C., and Ferrer-Montiel, A. Identification of molecular determinants of channel gating in the transient receptor potential box of vanilloid receptor I. FASEB J. 22, 000 -000 (2008)
The capsaicin receptor is a member of the transient receptor potential (TRP) ion channel superfamily that gave name to the vanilloid subfamily (TRPV) of receptors (1, 2) . This membrane protein plays an important role in noxious sensing and pain perception. TRPV1 is activated by harmful temperatures (Ն42°C) and exhibits remarkable heat sensitivity, with a Q 10 Ն20 (3, 4) . A seminal study concluded that the channel thermosensitivity of TRPV1 arises from the difference in activation energies associated with voltage-dependent gating (5, 6) . In addition, this channel protein is gated by vanilloid molecules such as capsaicin and resiniferatoxin, extracellular pH, and proinflammatory substances (1, 2, 7, 8) . It has been proposed that chemical agonists of this thermoreceptor function as gating modifiers that mimic and potentiate the thermal responses (5) .
A functional TRPV1 channel is a homotetramer of subunits assembled around a central aqueous pore (9, 10) . The overall topological organization of TRPV1 subunits is akin to that displayed by the hexahelical Shaker-like K ϩ channels, having 6 transmembrane segments (S1-S6) and cytosolic N and C termini (2) . Whereas the N terminus contains ankyrin domains that contribute to channel assembly and function (11) (12) (13) (14) (15) (16) , the C terminus appears to be important for subunit tetramerization, temperature sensing, and modulation of channel gating (17) (18) (19) (20) (21) . Near the channel gate, there is a 6-mer segment, referred to as the TRP box, which is highly conserved among the TRP channel family (2) . In TRPM channels, this motif is implicated in the modulation of channel activity by phosphoinositides (22) (23) (24) , and it seems to mediate the coupling of menthol binding to channel opening (25) . These observations strongly suggest that the TRP box may also serve as a molecular determinant of TRPV1 channel function. In support of this hypothesis, we have recently reported that the TRP domain of TRPV1, a 25-mer segment at the C terminus that contains the TRP box motif, plays a role in modulating channel gating (21) .
Here, by using alanine scanning mutagenesis of the entire TRP box, we found that mutation of this motif alters the channel response to voltage, capsaicin, and heat, and we identified residues I696, W697 and R701 as molecular determinants of channel gating. We re-port that replacement of these residues by alanine notably impaired capsaicin-, voltage-, and heat-induced channel activity by a mechanism that is consistent with the alteration of downstream gating events rather than affecting the sensitivity to the activating stimuli. These findings suggest that inter-and intrasubunit interactions at the level of the TRP box in TRPV1 are important for efficient channel gating and suggest that this motif may be involved in the functional coupling of stimulus sensing and pore opening.
MATERIALS AND METHODS

TRPV1 receptor mutagenesis
Site-directed mutagenesis of the residues encompassing the TRP box to alanine was carried out by PCR as described (26) . Mutant receptors were confirmed by DNA sequencing. For mutants, the number indicates the position of the residue in the protein sequence; the first letter is the natural amino acid in the wild-type protein, and the second is the residue that substitutes it.
Cell culture and transfection
Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, 2 mM l-glutamine, and 1% penicillin-streptomycin solution at 37°C in 5% CO 2 . Cells were transfected with 2 g of DNA encoding the TRPV1 and mutant channels with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), following the manufacturer's recommendations. Cells were used 48 h after transfection.
Intracellular Ca 2؉ imaging
Cells were plated at a density of 10 6 cells/cm 2 onto poly-dlysine-coated 25-mm coverslips. Cells were transfected with 2 g of DNA encoding the TRPV1 and mutant channels with Lipofectamine 2000 (Invitrogen), following the manufacturer's recommendations. Ca 2ϩ image measurements were carried out 48 h after transfection. Cells were incubated with 5 M Fluo-4 AM (Molecular Devices, Sunnyvale, CA, USA) in the presence of 0.02% pluronic F-127 (Biotium, Hayward, CA, USA) in isotonic standard solution [in mM: 140 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 5 glucose, and 10 HEPES, pH 7.4; the osmolarity was adjusted to Ϸ315 mosmol with manitol (Gonotec Osmometer; Gonotec GmbH, Berlin, Germany)] for 1 h at 37°C. For Ca 2ϩ imaging, cells were continuously perfused (1 ml/min) with isotonic standard solution at Ϸ22°C. TRPV1 activity was evoked with 15-s pulses of capsaicin (1 and 100 M) using a multibarreled, gravity-driven perfusion system. Fluorescence measurements were carried out with a Zeiss Axiovert 200 inverted microscope (Carl Zeiss, Oberkochen, Germany) fitted with an ORCA-ER CCD camera (Hamamatsu, Shizuoka, Japan) through an ϫ20 objective. Fluo-4 was excited at 500 nm using computer-controlled Lambda 10 -2 filter wheel (Sutter Instruments, Novato, CA, USA), and emitted fluorescence filtered with a 510-nm long-pass filter. Images were acquired and processed with AquaCosmos package software (Hamamatsu).
Patch-clamp measurements in HEK293 cells
HEK293 cells were cotransfected with TRPV1 species and the EYFP protein (pEYFP, Clontech, Palo Alto, CA, USA). Membrane currents were recorded with the whole-cell configuration using patch clamp as described (27) . For whole-cell recordings, pipette solution contained (in mM): 150 NaCl, 3 MgCl 2 , 5 EGTA, and 10 HEPES, pH 7.2, adjusted with CsOH; and bath solution contained (in mM): 150 NaCl, 6 CsCl, 1 MgCl 2 , 1.5 CaCl 2 , 10 glucose, and 10 HEPES, pH 7.4, adjusted with NaOH. For capsaicin-induced tachyphylaxia experiments, isotonic standard solution was used as bath solution, and the pipette solution contained (in mM): 144 KCl, 2 MgCl 2 , 5 EGTA, and 10 HEPES, pH 7.2, adjusted with KOH. The different saline solutions were applied with a gravitydriven local microperfusion system with a rate flow of ϳ200 l/min positioned at ϳ100 m of the recorded cells. All measurements were performed at 20 -22°C.
Voltage step protocols consisting of 200-ms depolarizing pulses from Ϫ120 to 160 mV, or 50-ms depolarizing pulses from Ϫ120 to 300 mV, in steps of 20 mV, were used. The holding potential was 0 mV, and the time interval between each pulse was 5 s. I-V relations were studied using a ramp protocol consisting of a voltage step of 300 ms from the holding potential of 0 mV to Ϫ120 mV, followed by 350-ms linear ramp-up to 160 mV. Time interval between each pulse was 10 s. For capsaicin-induced tachyphylaxia experiments, we used a ramp protocol consisting of a voltage step from a holding potential of 0 mV to Ϫ80 mV, followed by 1.5 s linear ramp-up to 80 mV, and ionic current values were collected every 3 s (28). Data were sampled at 10 kHz (EPC10 with pulse software; HEKA Elektronik, Lambrecht, Germany) and low-pass filtered at 3 kHz for analysis (PulseFit 8.54; HEKA Elektronik). The series resistance was usually Ͻ10 M⍀ and to minimize voltage errors was compensated to 70 -90%.
The G-V curves were obtained by converting the maximal current values, evoked with the voltage step protocols, to conductance using the relation G ϭ I/(VϪV R ), where G is the conductance, I is the peak current, V is the command pulse potential, and V R is the reversal potential of the ionic current obtained from the I-V curves. G-V curves for each cell were fitted to the Boltzmann equation: G ϭ G max /{1ϩexp[(VϪV 0.5 )/ a n ]}, where G max is the maximal conductance, V 0.5 is the voltage required to activate the half-maximal conductance, and a n is the slope of the G-V curve. Thereafter, estimated G max values were used for obtaining the normalized G/G max -V curves.
For voltage-dependent gating, the free energy difference between the closed and the open states at 0 mV and 25°C for a two-state model (⌬G O ) was calculated using ⌬G O (V) ϭ z g FV 0.5 (29) , where F is the Faraday constant (0.023 kcal/mol mV) and z g is the apparent gating valence obtained using z g ϭ 25.69 mV/a n . For channels that display voltage-dependent and -independent components in the G-V curve in the presence of capsaicin, the free energy of the activation process was obtained using
denotes the free energy of the voltage-dependent component, and ⌬G O (I) denotes the free energy of the voltageindependent part. This energy was calculated using ⌬G O (I) ϭ ϪRT ln (P O /1ϪP O ) (30) , where P O denotes the probability of channel opening at hyperpolarized potentials. P O was calculated as the y intercept of the fitted straight line of the G/G max values from Ϫ120 to Ϫ20 mV.
Temperature stimulation
Coverslips with transfected HEK293 cells were placed in a microchamber and continuously perfused (ϳ1 ml/min) with solutions warmed to 25°C. The temperature of the solutions was controlled using a CL-100 bipolar temperature controller and an SC-20 dual inline heater/cooler and was measured by a TA-29 thermistor (Warner Instruments, Hamden, CT, USA). The temperature probe was placed near the solution outflow and Ͻ500 m of the patch-clamped cell. The time course of the temperature change was ϳ0.3°C/s. Temperature ramps were first obtained at Ϫ60 mV and thereafter at ϩ50 mV in the same cell. Macroscopic ion currents were recorded with a Multiclamp amplifier using pCLAMP software and a Digidata 1322A digitizer (Axon Instruments; Molecular Devices).
Data analysis
Analysis was performed with either the PulseFit 8.11 (HEKA Elektronik) or with pClamp9, WinASCD software (G. Droogmans, Katholieke Universiteit Leuven, Belgium; ftp://ftp. cc.kuleuven.ac.be/pub/droogmans/winascd.zip) and Origin 7.0 (MicroCal, Northhampton, CA, USA). Data were expressed as means Ϯ sd, with n ϭ number of cells. Statistical analysis was performed using the 1-way ANOVA, and P Ͻ 0.05 was taken as the level of significance.
RESULTS
Mutation of the TRP box altered the channel activity of TRPV1
The TRP box is a highly conserved protein motif located at the core of the TRP domain in TRPV channels (18) , as well as in other TRP proteins (2) . To investigate its functional role, we performed an alanine scanning mutagenesis of all residues encompassing this region in TRPV1 (Fig. 1A) and characterized the phenotype of mutant channels in HEK293 cells. Mutation of TRP box residues did not alter significantly subunit multimerization and channel trafficking to the plasma membrane, as implied by the colocalization of mutant proteins with the cell surface marker wheat agglutinin and a surface biotinylation assay (see Supplemental Fig.  S1 ). All mutant subunits gave rise to functional channels that exhibited capsaicin-evoked Ca 2ϩ influx (Fig.  1B) but displayed distinct sensitivity to the vanilloid. Whereas mutation of I696, W697, and R701 to alanine produced proteins that did not respond to 1 M capsaicin, mutants K698A, L699A, and Q700A were activated by this low agonist concentration (Fig. 1C, top  panel; D) . All mutants, however, responded to 100 M capsaicin (Fig. 1C, bottom panel; D) . Note that mutant I696A exhibited the lower Ca 2ϩ entry at the high vanilloid concentration (Fig. 1C, D) . These observations indicate that mutants I696A, W697A, and R701A display lower vanilloid sensitivity than K698A, L699A, and Q700A mutants. Results obtained from Xenopus oocytes heterologously expressing K698A, L699A, and Q700A mutants corroborated that they produce capsaicin responses akin to those of TRPV1 and showed that I696A, W697A, and R701A mutants were not activated by 10 M capsaicin or by pH 6.0 at Ϫ60 mV (Supplemental Fig. S2 ). Thus, residues I696, W697, and R701 appear to be more sensitive to replacement by alanine than K698, L699, and Q700.
Mutation of the TRP box affected TRPV1 voltagedependent gating
To further characterize the effects of mutating the TRP box on channel gating, we studied the voltage-dependent activation of mutant channels with whole-cell patch clamp (5) . Application of 200-ms depolarizing pulses from Ϫ120 to 160 mV in steps of 20 mV evoked noninactivating ionic currents from TRPV1, K698A, L699A, and Q700A mutants, but not from I696A, W697A, and R701A (Fig. 2) . The I-V relations for voltage-activated mutants were similar to that of TRPV1 (Fig. 2) . For the voltage-inactive mutants, we reasoned that they may require stronger depolarizing potentials. Because we could not achieve depolarizing potentials higher than 160 mV using 200-ms pulses, we applied shorter voltage pulses to reach more depolarized potentials without perturbing the high resistance seal. Stimulation with 50-ms depolarizing voltage steps from Ϫ120 to 300 mV elicited noninactivating macroscopic currents from TRPV1 and I696A, K698A, L699A, and Q700A mutants, but not from cells expressing the W697A (nϭ20) and R701A (nϭ22) channels or mocktransfected cells (nϭ6) (Supplemental Fig. S3A ). Note that all active mutants displayed current densities lower than those of wild-type channels (Supplemental Fig.  S3B ). The lowest current density is exhibited by the I696A mutant. This small current density was not due to a lower plasma membrane expression of mutants, as evidenced by the similar levels of surface expression revealed by a biotinylation assay (Supplemental Fig.  S1 ). Functional characterization of active channels shows that mutation of K698, L699, and Q700 to alanine did not affect the kinetics of voltage-dependent channel activation from 120 to 160 mV (Supplemental Fig. S4A ) nor the reversal potential of the channel (Supplemental Fig. S4B ). In addition, these voltagegated ionic currents did not show a significant desensitization on repeated voltage stimulation (see below). Thus, mutation of I696, W697, and R701 to alanine significantly affected the voltage sensitivity of TRPV1.
We next obtained the G-V relations for TRPV1 and active mutants using the steady-state ionic currents evoked with the long (200 ms) depolarizing pulses ( (5, 20) . The K698A mutant exhibited a Ϸ10 mV (95Ϯ3 mV, nϭ7) rightward change in V 0.5 , whereas mutation of L699 and Q700 to alanine shifted the voltage-dependent activation to 126 Ϯ 2 mV (nϭ8) and 135 Ϯ 2.4 mV (nϭ7), respectively (Fig. 3A, B) . None of these mutations appear to alter the apparent gating valence moved by the change in voltage (Fig. 3C ). For I696A, we could not determine these values because we could not elicit ionic currents with the 200-ms pulse protocol, and, with the shorter voltage paradigm, we could not get saturation of the G-V curve, indicating that V 0.5 is Ն300 mV (Supplemental Fig. S3 ). Therefore, these results suggest that mutation of the TRP box altered the voltagedependent gating, presumably by raising the free energy of voltage activation. This notion was substantiated Figure 2 . Mutation of the TRP box residues to alanine produces channels that are not gated by voltage. Representative families of ionic currents elicited with a voltage step protocol consisting of 200-ms depolarizing pulses from Ϫ120 to 160 mV in steps of 20 mV. Holding potential ϭ 0 mV; time between pulses ϭ 5 s. I-V relations for each TRPV1 species are shown underneath the ionic currents. I-V curves were studied using a ramp protocol consisting of a voltage step of 300 ms from the holding potential of 0 mV to Ϫ120 mV, followed by 350-ms linear ramp-up to 160 mV. on evaluation of the free energy difference between the closed and the open states at 0 mV and 25°C (⌬G O ) calculated from the values of V 0.5 and z g , considering a two-state model (29) . Although TRPV1 gating may be more complex than a two-state model (5, 31, 32) , this approach is a simple and valuable means to compare the effect of mutations on the energetics of channel gating. In addition, it has been shown that a two-state model appropriately describes the voltage-dependent gating of the structurally related TRPM8 channel (32) . Figure 3D depicts the values of ⌬G O obtained for TRPV1 and mutant channels. For TRPV1, the ⌬G O was 1.4 Ϯ 0.3 kcal/mol. Inspection of the plot reveals that K698A displayed a ⌬G O similar to wild type (1.6Ϯ0.2 kcal/mol), whereas L699A and Q700A augmented ⌬G O by Ϸ0.9 kcal/mol and 1.1 kcal/mol, respectively. Therefore, these results imply that mutation of residues encompassing the TRP box has an effect on the activation energy of voltage-dependent gating. Furthermore, our findings signal that positions I696, W697, and R701 are important determinants of channel gating.
Mutant channels I696A, W697A, and R701A exhibit voltage-dependent gating in the presence of capsaicin
The impaired voltage-dependent activation of I696A, W697A, and R701A could be due to abrogation of stimuli sensing or an alteration in channel gating that sets the activation energy at very high values. Because voltage appears to be a partial activator of TRPV1, and capsaicin potentiates voltage responses and displaces the G-V relation of TRPV1 toward physiological potentials (5, 33), we next evaluated the effect of the vanilloid on the voltage activation of these three mutants. As illustrated in Fig. 4A -C, the three mutants showed voltage-dependent gating in the presence of capsaicin (see also Supplemental Fig. S5 ). Mutants W697A and R701A displayed ionic currents at negative potentials. In contrast, I696A exhibited a strong outward rectifying I-V relation with a barely detectable ionic current at hyperpolarized membrane voltages. Interestingly, voltage-activated ionic currents from these mutants did not exhibit significant vanilloid-induced desensitization, as evidenced by the virtually identical currents obtained with two consecutive depolarizing step protocols evoked in the continuous presence of 100 M capsaicin (Supplemental Fig. S5 ).
The G-V curves were obtained from ionic currents evoked with 100-ms depolarizing pulses from Ϫ120 to 160 mV in the presence of increasing concentrations of capsaicin (Supplemental Fig. S5 ). The normalized G-V relations showed that 1) the three mutants exhibited voltage-dependent gating (Fig. 4D-F) ; 2) the vanilloid modulated differently the voltage-activated response of the three mutants (Fig. 4D-H); 3) a capsaicin-dependent, voltage-independent ionic conductance at negative membrane potentials was characteristic of W697A and R701A (Fig. 4E, F) , similar to that reported for TRPV1 wild type (33); 4) the agonist shifted the V 0.5 of I696A and W697A toward lower values in a dosedependent manner, but it did not alter that of R701A (Fig. 4G) (Fig. 4H) .
Analysis of the free energy of gating showed that capsaicin dose dependently reduced the free-energy difference between the closed and the open states at 0 mV and 25°C of I696A (Fig. 4I) . For the W697A mutant, a decrement in free energy was also detected at 100 M capsaicin; whereas for R701A, a small increment in ⌬G O as a function of the capsaicin concentration was observed (Fig. 4I) . Note that for these two mutants, ⌬G O reflects the sum of the voltage-dependent and -independent components at capsaicin concentrations Ն10 M. The voltage-independent component arises from the conductance displayed by both mutants at negative membrane potentials in the presence of the vanilloid. Taken together, these data imply a contribution of residues I696, W697, and R701 to the activation energy of channel gating.
Mutant channels I696A, W697A, and R701A exhibit reduced sensitivity to capsaicin Because these mutants show capsaicin-dependent activity at depolarized potentials, we next investigated their vanilloid sensitivity by obtaining their respective capsaicin dose-response relations at ϩ60 mV using patch clamp. Higher potential wild-type channels gave rise to large ionic currents that could not be accurately clamped. Conversely, at negative potentials, the I696A mutant exhibited barely detectable ionic currents (Fig.  4A ). As illustrated in Fig. 5A , the three mutants responded to capsaicin in a dose-dependent manner. Analysis of these curves revealed half-maximal effective concentration (EC 50 ) values of 4.6 Ϯ 0.8 M (nϭ4) for I696A, 8.1 Ϯ 1.3 M (nϭ4) for W697A, and 45 Ϯ 5 M (nϭ4) for R701A, which are significantly higher than that of TRPV1 (0.3Ϯ0.2 M, nϭ4). For the three mutants, the Hill coefficient was significantly reduced (Fig. 5B) , suggesting that subunit cooperativity during the gating step was also affected in these channels. Furthermore, their low capsaicin responsiveness was accompanied by a significant decrease in the maximal response evoked by the vanilloid (Fig. 5C ). When compared with wild-type channels, mutants exhibited higher activation energies in the presence of a concentration of capsaicin that equaled their respective EC 50 for the vanilloid receptor, in agreement with their higher energetics of channel gating (Fig. 6A) . Taken together, these results demonstrate that mutation of I696, W697, and R701 to alanine reduced capsaicin sensitivity. Moreover, our data suggest that the change in the vanilloid EC 50 of the mutants is attributed to a significant degree to the reduction in the maximal response evoked by capsaicin. This result is compatible with the notion that mutation of these residues in the TRP box affects events downstream of the initial binding step, such as channel gating, akin to the effect of mutations in the TRP box of TRPM8 (25) . A similar result is likely for pH-induced activation; however, because of the presence of pH-dependent ionic currents in HEK293 cells, we could not study this stimulus in our mutants.
Mutation of I696 appears to stabilize the closed state of the channel
To learn more of the I696A functional phenotype, we first examined the I-V relation in the presence of increasing concentrations of the vanilloid (Fig. 4A) . As depicted, the I696A mutant exhibited a distinct I-V characterized by a strong outward rectification to the entire range of the vanilloid concentrations tested. At variance with W697A and R701A (Fig. 4B, C) , the I696A mutant showed modest ionic current at negative potentials even in the presence of 100 M of capsaicin. As a result, the estimated rectification index for this mutant significantly increased as a function of the vanilloid concentration (Fig. 6B ). This outward rectification was not due to a Ca 2ϩ or Mg 2ϩ blockade of the mutant channel, because the rectification index was unaffected by removal of both divalent cations from the external medium (data not shown). It also did not appear to be due to a change in permeation properties, as it displayed a reversal potential within the range of the other channels (Supplemental Fig. S4B) . Thus, the strong rectification suggests an impaired channel activity at negative potentials that could be due, at least in part, to stabilization of the channel closed state under hyperpolarization, which would result in a low probability of pore opening. In support of this notion, this mutant exhibited slower kinetics of its voltage-dependent activation in the presence of capsaicin than TRPV1 and the W697A and R701A mutants ( Fig. 6C and Supplemental  Fig. S6 ). The time constant for channel activation of I696A was accelerated by the vanilloid in a dosedependent manner, although, even at 100 M capsaicin, it was 10-fold slower than that of TRPV1 (Fig. 6C) . Collectively, these findings imply that incorporation of a smaller hydrophobic amino acid at position I696 increases the stability of the closed state of the channel, which requires higher energetic input for gating.
Mutants I696A, W697A, and R701A display reduced capsaicin-induced tachyphylaxia
To further characterize the functional properties of TRP box mutants, we next investigated the channel desensitization and tachyphylaxia evoked by 100 M capsaicin at Ϫ80 and ϩ 80 mV in physiological solutions. We used this high concentration of capsaicin to ensure complete and fast desensitization and tachyphylaxia of TRPV1 species. The experimental paradigm consisted in the application of 1-min capsaicin pulses, interspersed with 1-min washing periods. The activity of the channel during agonist application was measured using a ramp protocol from Ϫ80 to ϩ80 mV, and ionic current values were collected every 3 s (28). As illustrated in Fig. 7A , for wild type channels, the application of 100 M capsaicin evoked a rapid desensitization (Ն80% initial current) of the channels at Ϫ80 mV. This effect was followed by a strong tachyphylaxia, as evidenced by the lack of capsaicin-evoked responses on additional agonist pulses. In contrast, at the depolarized potential, the vanilloid produced a slower desensitization and a partial tachyphylaxia, similar to results reported by other groups (28) . Note the presence of a relatively constant ionic current at ϩ80 mV with all the capsaicin pulses applied. These data suggest that depolarizing potentials could rescue, at least partially, the channel from the desensitized stated promoted by the agonist. Quantification of the normalized current as a function of the pulse number for the first 5 agonist applications shows a marked tachyphylaxia for TRPV1 at both voltages, although for depolarizing potentials, the effect reached a steady-state value of Ϸ25% of the initial ionic current (Fig. 7H) . Inspection of Fig. 7D-F , H reveals that mutants K698A, L699A, and Q700A Figure 5 . I696A, W697A, and R701A display altered capsaicin sensitivity. A) Dose-response curves for capsaicin activation of mutants. Ionic currents were evoked at 60 mV with a 100-ms voltage pulse. Cells were depolarized in the presence of the corresponding vanilloid concentration. The dose response was obtained at 60 mV, since ionic currents evoked with Ն1 M capsaicin at higher potentials gave rise to sizable currents from TRPV1 wild type that could not be properly clamped. Normalized ionic currents were plotted as a function of the capsaicin concentration and fitted to a Michaelis-Menten binding isotherm to obtain the EC 50 displayed a desensitizing phenotype akin to that of TRPV1. In contrast, W697A and R701A mutants exhibited a noticeably different behavior (Fig. 7C, G) . As seen in Fig. 7C , G, the desensitization was slower, such that the channels could only be partially desensitized during the first capsaicin application. Furthermore, the agonist could not be completely washed out, and additional vanilloid pulses resulted in small evoked currents. Because of the persistent ionic current seen for these channel mutants, the tachyphylaxia kinetics appear to be lower than those of wild-type channels, as clearly discerned at Ϫ80 mV (Fig. 7H) . The I696A mutant did not display measurable ionic currents at Ϫ80 mV and was only investigated at depolarizing potentials (Fig. 7B) . This channel mutant displayed a slow activating response that was not desensitized during capsaicin application. The agonist-induced tachyphylaxia was also markedly attenuated, compared to the other mutants (Fig. 7B, H) . At variance with W697A and R701A, the agonist could be readily washed out from this mutant. Taken together, these results further support a critical role of I696, W697, and R701 in agonist-induced responses, and mutation of these positions has a significant effect in the desensitization and tachyphylaxia evoked by capsaicin. Because of the lower agonist EC 50 displayed by these mutants, the reduced capsaicin-induced tachyphylaxia does not seem to arise from an increment in ligand affinity but rather from alteration of the gating steps near the channel gate.
Mutation of the TRP box altered the temperature sensitivity of TRPV1
Because the C terminus of TRPV1 is a key molecular determinant of heat sensing (20, 24) , we next investigated the heat sensitivity of our mutant channels to determine the contribution of the TRP box. For this purpose, we obtained temperature-evoked responses at Ϫ60 and ϩ50 mV (Supplemental Fig. S7 ). Heat ramps activated ionic currents from K698A, L699A, and Q700A mutants but not from I696A and W697A ( Fig.  8A and Supplemental Fig. S7 ). For the R701A mutants, a hardly detectable ionic current could be observed at high depolarized potentials ( Fig. 8A and Supplemental  Fig. S7 ). Heat-evoked ionic currents from active mutants were similar to TRPV1, although their magnitude was smaller, especially at hyperpolarized membrane potentials (Fig. 8A) . We next evaluated the voltage dependency of heat-activated currents by obtaining the I-V relations for all channels at 45°C (Fig. 8B) . Mutants K698A, L699A, and Q700A displayed I-V curves similar to TRPV1. Notably, the R701A mutant, that was insensitive to voltage changes at 25°C, was voltage-gated at 45°C (Fig. 8B) . In marked contrast, the I696A and W697A mutants did not produce measurable heatactivated currents within the voltage range applied (up to ϩ160 mV) (Fig. 8B) . Thus, mutation of the TRP box affected the heat responsiveness of TRPV1. These findings point to I696 and W697 as two important determinants of heat sensing in TRPV1.
The lower temperature sensitivity of the mutants may arise from an alteration of the heat sensor or to a defect in the temperature-induced gating. To address whether mutations affected heat sensing, we determined the threshold temperature of channel activation from the I-T relations of TRPV1 and active mutants at ϩ50 mV. As illustrated in Fig. 8C , wild-type and mutant channels displayed a similar threshold temperature of Ϸ42°C (40 -44°C) for channel activation. Even for mutant R701A, which exhibits lower heat-activated currents than the other mutants, the threshold temperature was also Ϸ43°C.
In contrast, mutant channels depicted an altered temperature-dependent gating, as determined from Figure 7 . Mutation of the TRP box alters the capsaicininduced desensitization and tachyphylaxia. A-G) Capsaicin ionic currents evoked from TRPV1 wild-type and mutant channels at Ϫ80 and 80 mV. The experimental paradigm consisted of pulses of 1 min of 100 M capsaicin, interspersed by 1-min washout periods with standard extracellular buffer. Ionic currents were monitored using a ramp protocol from Ϫ80 to 80 mV in 1.5 s, from a holding of 0 mV. Ionic currents were measured every 3 s. Data are representative of Ն5 cells for each channel species. H) Variation of the normalized peak current measured for the first 5 capsaicin pulses at Ϫ80 and 80 mV as a function of pulse number. Data were normalized with respect to the maximal ionic current activated with the first pulse of capsaicin. Data are means Ϯ sd; n ϭ 5. the Q 10 value obtained at 35-46°C (6, 30, 31) . Whereas TRPV1 showed a mean Q 10 of 23 Ϯ 5 (nϭ8), mutant channels K698A, L699A, and Q700A displayed a Ϸ50% reduction of this parameter (Fig. 8D ). For R701A, the Q 10 value could not be properly calculated because of its small heat-activated currents. These data support the tenet that the lower heat responsiveness of TRP box mutants is probably due to an alteration of the temperature-induced gating events and support the tenet that this domain does not act as the temperature sensor.
Mutants I696A and W697 have markedly affected temperature sensitivity
The important effect on heat sensitivity of mutating I696, W697, and R701 to alanine suggests a critical role of these residues in heat sensing. To additionally address this issue, we investigated the effect of raising the temperature to 45°C on the capsaicin response of these mutants. To investigate the heat potentiation, we used a capsaicin concentration (1 M) that barely activated the mutants at 25°C (Fig. 9) . At variance with the I696A mutant (Fig. 9A) , the heat-and vanilloid-evoked ionic currents of W697A and R701A were significantly potentiated (Ϸ50% and Ϸ4-fold, respectively) by the simultaneous presence of both activating stimuli (Figs. 9B,  C) . Note, however, that W697A displayed a modest heat potentiation compared with R701A. In contrast, for the I696A mutant, the capsaicin responsiveness was unchanged by the rise in temperature (Fig. 9A) . These data imply that R701A preserves heat sensitivity and further substantiates that I696A and W697A have a noticeably affected temperature-dependent gating that makes these channel mutants rather heat insensitive, especially the I696A mutant.
DISCUSSION
The TRP box is a highly conserved motif in the cytosolic C terminus domain of TRP channels (Fig.  10A) . In TRPV1, this segment is at the core of the TRP domain, a coiled-coil structure that has a dual functionality, serving as a molecular determinant of subunit multimerization and as a transduction domain important for channel gating (18, 21) . Furthermore, the TRP domain of TRPM channels appeared to be required for phosphoinositide-mediated channel gating (23, 34) , as well as for activation with menthol (25) . Similarly, the corresponding domain in TRPC channels is required Figure 8 . Heat-dependent activation of TRP box mutants. A) Mean amplitude of the ionic currents evoked by a heat ramp from 25 to 46°C, recorded at 50 mV and 45°C for TRPV1 and chimeric channels. Ionic currents were obtained from the recordings shown in Supplemental Fig. S7 . B) I-V relations for TRPV1 and mutant channels obtained at 45°C. Cells were depolarized from Ϫ120 to 160 mV in 350 ms. Traces are representative of n Ն 3 cells. C, D) Activating threshold temperature T (C) and heat sensitivity Q 10 (D) of channel gating, determined at 50 mV for TRPV1 and mutants. T was determined as the crossover of the lines approximating the stable baseline current and that reflecting the temperature-dependent response (38, 39) . Q 10 was obtained for the inverse slope of log (I) vs. 1/T (Kelvin) between 35 and 46°C as described by Xu et al. (39) . Data are means Ϯ sd; n Ն 3 cells. *P Ͻ 0.05; 1-way ANOVA. for efficient transient light response in flies (35) . Therefore, these observations suggest that the TRP box of TRPV1 may be functionally relevant. The salient contribution of our study is the demonstration that this protein motif in TRPV1 participates in channel gating by contributing to set the activation energy of pore opening. By using an alanine-scanning mutagenesis approach, we report that structural changes in the TRP box notably affected the response of the channel to the activating stimuli. This effect was not due to loss of stimulus recognition, since we found that mutation of TRP box residues did not change the ability of the channel to sense the gating stimuli, but it rather affected the gating reaction, conceivably by altering steps downstream of the initial sensing event, akin to the findings reported for TRPM8 (25) . Our findings are compatible with a model in which residues of the TRP box might contribute to couple the activating stimuli to pore opening in TRPV1. The alteration of specific inter-and intrasubunit interactions at the level of this motif appears to have a significant effect on channel gating. This result substantiates our previous results showing that the TRP domain plays a role in TRPV1 function (21) and identifies molecular determinants of channel gating within the TRP box of the receptor.
We found a differential contribution of TRP box residues to channel activation. Substitutions of K698, L699, and Q700 modestly affected TRPV1 function, moderately augmented the free energy of pore opening, and did not significantly alter the ligand-induced activation and desensitization responses. In marked contrast, mutation of I696, W697, and R701 drastically altered the sensitivity to the activating stimuli and significantly raised the energetic barrier between the closed and open states of the channel. Replacement of I696, W697, and R701 with alanine decreased the capsaicin responsiveness of the mutant receptors and, concomitantly, attenuated the agonist-induced desensitization and the tachyphylaxia provoked by its repetitive exposure. The effect on the vanilloid efficacy could arise from a change of the ligand affinity or to a modification of the activation step (36) . The important decrease in the maximal response elicited by capsaicin in these mutants, along with their lower Hill coefficient, an indicator of the subunit cooperativity during channel gating (36) , suggests that the lower vanilloid responsiveness may arise primarily from an alteration of the gating step rather than the initial agonist binding event (25) . This observation implies that the unliganded state of these mutants is similar to that of TRPV1 in its ability to undergo the allosteric, agonist-induced conformational change required for channel opening. Nonetheless, a change in agonist affinity produced by the mutations cannot be completely ruled out, especially taking into account an allosteric protein, such as TRPV1. Indeed, it should be considered that the ligand affinity depends on both the occupancy of the binding sites and the conformational state of the protein (36) . Further experimental support is needed to address this issue.
Mutation of I696, W697, and R701 markedly affected the ability of voltage to activate ionic currents in resting conditions, although they displayed voltage-dependent gating in the presence of capsaicin. The vanilloid receptor shifted leftward the voltage-dependent channel activation toward lower potentials in a dose-depen- (18) . The TRP box could participate in the formation of a tetrameric coiled-coil structure, with I696 in the bundle core, W697 interacting with adjacent subunits, and R701 exposed to the solvent and interacting either with the lipid bilayer or other receptor regions. dent fashion for I696A and W697A, but not as much for the less sensitive mutant R701A. This effect on the voltage dependency of channel activation was not accompanied by a change in the apparent gating valence. These observations suggest that the altered gating mechanism of I696A, W697A, and R701A, which arose primarily from attenuation of stimulus efficacy, was possibly due to a change of events downstream of voltage sensing that lead to pore opening. In addition, mutation of TRP box residues affected heat sensitivity by decreasing the temperature-dependent gating, as indicated by the lower Q 10 value. Taken together, these findings further substantiate that the TRP box plays a function in channel gating, and identify I696, W697, and R701 as molecular determinants of channel function. In addition, these data hint to the exciting hypothesis that mutation of these residues might affect the coupling between stimulus sensing and channel gating.
The TRP box of TRPV1 is located a few amino acids after the putative channel gate, at the core of the predicted coiled-coil structure of the TRP domain (18) . Although caution must be exercised when inferring protein structure from functional assays using sitedirected mutagenesis, our data support a model where the TRP domain folds in a 4-strand, parallel coiled-coil in the homomeric channel (18, 21) . However, the folding of this putative structure may show an organization that differs from a typical left-handed coiled-coil, as suggested by the occupancy of the e and g positions by noncharged residues. Taking into consideration these sequence variations and the mutational findings, we have refined our initial structural prediction of this region (18) and provide an improved model consistent with the functional data (Fig. 10B) . Inspection of the TRP box sequence in the refined model shows that amino acids I696 and W697 are located at the a and b positions of the putative coiled-coil motif, where they could mediate intersubunit interactions of the fourhelix bundle assembled by TRPV1 subunits (Fig. 10B) . Substitution of I696 and/or W697 with the smaller alanine could draw the TRP domains of the channel subunits closer, strengthening the subunit-subunit contacts near the channel gate. This stronger interaction would raise the free energy for stimulus-mediated channel activation. Because of the central position of I696, the model suggests a stronger effect of mutating this residue than altering W697. Note that the higher activation energy of I696A would arise at least in part from stabilization of the closed state of this channel. The slower activation time constants of the voltagegated currents in the presence of capsaicin lend support to such hypothesis. Furthermore, the strong outward rectifying of I696A is compatible with an increase in the stability of the closed state at negative potentials that significantly reduces the open probability. Therefore, the preservation of compatible intersubunit interactions at the level of I696 and W697 appears to be involved, critical for efficient channel gating.
The effect of mutating R701 to alanine is more intriguing since this amino acid does not seem to be involved in protein-protein interactions within the C end of TRPV1, as are residues I696 or W697 (Fig. 10B) . Mutation of the corresponding residue (R998) in TRPM8 produced a similar phenotype, characterized by lower menthol responsiveness and decreased sensitivity to PIP 2 modulation (25) . Furthermore, a chimeric TRPM8 channel incorporating the TRP domain of TRPV1 identified R701 as a molecular determinant of PIP 2 activation but not of menthol gating (24) . Although some structural differences between TRPV1 and TRPM8 plausibly exist, collectively, these findings lend support to a model in which R701 would be oriented externally (Fig. 10B) , perhaps interacting with the S4 -S5 and/or PIP 2 , which would be also consistent with a role of this residue in channel gating. A recent study found that R701 could be involved in Ca 2ϩ -dependent desensitization of TRPV1 (37), further substantiating its implication in channel gating.
In conclusion, our findings suggest that the TRP box of TRPV1 is a domain that may act as a coiled-coil zipper that could contribute to hold the gate in the closed state, and imply that this motif may operate as a modulator of channel opening. The energy released by the activating stimuli might break intersubunit interactions at the level of the TRP box, favoring pore opening. Mutations that strengthen subunit-subunit interactions in this stretch could increase the energetics of pore opening. Although our results showed that the TRP box plays a role in channel gating, the precise mechanism remains unknown. For instance, our results suggest that this protein region is important for channel gating, although we cannot distinguish which step of the gating process is primarily altered by the mutations. Thus, additional experimental support is needed to uncover the mechanistic contribution of these residues to the functional coupling between stimulus sensing and channel gating.
